1. The particulate form of lactating bovine mammary lactose synthetase activity is shown to be more highly organized than previously reported. 2. A novel method of shattering frozen mammary tissue with effective cell disruption is described. 3. The apparent subcellular distribution of lactose synthetase was shown to reflect the method of homogenization. 4. After mild homogenization particles associated with a high content of intact lactose synthetase activity sedimented in the lysosome size range between 5 x 104 and 3 x 105g-min. 5. Lactose synthetase was dissociated and solubilized by VirTis homogenization and ultrasonic treatment. The activities and behaviour of UDP-galactose hydrolase, succinate dehydrogenase, ,B-glucuronidase and phosphodiesterase I were compared. 6. Inhibition of UDP-galactose hydrolase by UTP and a-lactalbumin was observed.
Lactose synthetase (UDP-galactose-D-glucose 1-galactosyltransferase, EC 2.4.1.22), which catalyses the final reaction in the synthesis of lactose (Scheme 1), occurs as a soluble enzyme in milk (Babad & Hassid, 1966) , but is associated with cell particles in the lactating mammary gland (Watkins & Hassid, 1962) . Karimoto & Reithel (1965) solubilized the particulate enzyme by extracting freeze-dried particles with cold butan-1-ol followed by acetone, and extracting the acetone-dried powder with tris buffer. Many other methods, including enzymic digestion, proved unsuccessful in solubilizing intact lactose synthetase activity (W. Z. Hassid, personal communication). Brodbeck & Ebner (1966a,b) and Brodbeck, Denton, Tanahashi & Ebner (1967) reported that the enzyme activity requires two unlike proteins, termed 'A' and 'B'. They found the smaller protein, 'B', to be equivalent to a-lactalbumin. Protein 'B' was stated to be distributed between the microsomes and soluble phase after VirTis homogenization, whereas the larger 'A' protein was stated to be associated with microsomes. They reported very low activities of lactose synthetase in the particulate fraction unless purified alactalbumin were added.
Experiments in our Laboratory indicated that most of the particulate lactose synthetase activity sedimented at forces less than those usually employed for the microsomal elements. No additions were required to demonstrate activity, and the activity was comparable with that reported by Brodbeck & Ebner (1966a,b) for microsomes stimulated by a-lactalbumin. This discrepancy was thought to be due to different methods of homogenization, and led to the investigations reported below. It is shown that mild homogenization provides particles sedimenting in the lysosome-size range, with high lactose synthetase activity. MATERIALS Analytical methods. To assay lactose synthetase activity, preparations were incubated at 370 for 2 hr. in a medium containing 25mM-tris-HCl buffer, pH7-5, 25mM-glucose, 0.5mM-galactose or 0 5mM-UDP-[14C]galactose and 40mM-MnCl2. The reaction was terminated by boiling for 2min. and centrifuging to clear. Lactose was measured in the supernatant by the radioactivity method described by Karimoto & Reithel (1965) by liquid-scintillation counting of the purified [14C]lactose, or by an enzymic method (Coffey & Reithel, 1968a) , by using the sequential action of fl-galactosidase and galactose dehydrogenase without prior purification oflactose. In the enzymic assay, samples ofthe supernatant were incubated with f-galactosidase at room temperature for at least 2hr. in 50mM-imidazole, pH7-0, containing 10mM-KCl and ImM-MgCI2. Galactose dehydrogenase was then added, and the reduction of NADP+ was followed spectrophotometrically at 340m/u.
The total NADPH formed was equated to the total amount of lactose and galactose. Samples of the supernatant were treated with galactose dehydrogenase alone to determine free galactose.
Phosphodiesterase I (EC 3.1.4.1) was assayed by the method of Razzel (1961) , with p-nitrophenyl thymidine 5'-phosphate. ,B-Glucuronidase (EC 3.2.1.31) was assayed at pH4-8 with phenolphthalein /3-glucuronide and 0-1% (v/v) Triton X-100 by the method of Gianetto & de Duve (1955) . Succinate dehydrogenase, or more properly the 'succinoxidase complex', was assayed by the 2,6-dichlorophenol-indophenol method of Green, Mii & Kohout (1951) , with 1 5mm-EDTA added to the assay mixture. Protein was determined by the method of Lowry, Rosebrough, Farr & Randall (1951) , with crystalline bovine plasma albumin as standard.
RESULTS
Validity of the enzymic assay. The more rapidly sedimenting fraction P2-3 contained more active lactose synthetase and less active UDP-galactose hydrolase than fraction P4. Subsequent solubilization of lactose synthetase from acetone-dried powders by the method of Karimoto & Reithel (1965) was accompanied by 76% recovery from fraction P2-3 with a sixfold Decrea8e of tiwue particle 8ze. Because of the large amount of connective tissue in mammary gland it is necessary to decrease the tissue particle size to about 1mun. before it can be homogenized in a tight-fitting glass homogenizer. This was done for the homogenate in Table 1 by the tedious procedure of cutting with scissors. In Table 2 , this method was compared with an alternative procedure of freezing the tissue in liquid nitrogen and shattering it with a blow. In both cases the small sections of tissue were washed and homogenized as described in the Materials and Methods section. The fraction sedimenting between 104 and 105g-min. was used for assays of protein, lactose synthetase, UDPgalactose hydrolase and mitochondrial succinate dehydrogenase. The similarity of values for these components led us to adopt the simple method of freezing and shattering to decrease the tissue size in subsequent experiments.
Incubation time. In determinations of units of enzyme activity by sampling techniques it is desirable to withdraw samples before 10% of the substrate has been used. In our assay a 10% conversion of the substrate would give rise to E340 0 155. The units of enzyme represented by this change would be 0-42 or 1-67 if the incubation time were 120 or 30min. respectively. Actual changes in E340 are not proportional to the time of incubation, as shown in Fig. 1 . Enzyme units calculated for the 120min. incubation were about one-half those for the 30min. incubation. Since the change in E340 at 120min. was twice that of the 30min. incubation, the longer incubation time was always used in subsequent experiments. Specific activities reported in this paper should be multiplied by about 2 to compare our results with those of workers who employed the 30min. incubation.
Effects of UTP. The inhibition of soluble lactose synthetase by UTP was noted by Babad & Hassid (1966) , whereas Watkins & Hassid (1962) and Karimoto & Reithel (1965) observed an enhancement of the particulate activity by UTP. shows that the initial enhancement of particulate lactose synthetase by 1-3mm-UTP was accompanied by complete inhibition of UDP-galactose hydrolase. Since both enzymes compete for the substrate it is possible that no enhancement of Vol. 109particulate lactose synthetase would occur if UDPgalactose hydrolase were absent.
Addition of a-lactalbumin. The stimulatory effect of a-lactalbumin on particulate lactose synthetase is shown in Fig. 3 . Intact lactose synthetase or 'AB' activity is considered by us as that portion of activity observed in the absence of additional a-lactalbumin. Total 'A' component is considered as the maximum activity in the presence of added a-lactalbumin. The difference between these values represents the dissociated 'A' component, and is denoted simply as 'A'.
Addition of 1mg. of oc-lactalbumin/ml. was sufficient to achieve maximum lactose synthetase activity in this case, in which about 25% of the enzyme was intact. In some cases the extent of dissociation may be greater than 75 %, so 2 5mg. of a-lactalbumin/ml. was always added in subsequent experiments to ensure measurement of the total activity. Concn. of ac-lactalbumin (mg./ml.) Fig. 3 . Effect of oe-lactalbumin on enzymes. Mammarygland particles were prepared and assayed for lactose synthetase (o) and UDP-galactose hydrolase (Lj) as described for Fig. 1 . a-Lactalbumin was added as indicated.
UDP-galactose hydrolase was greatly inhibited by a-lactalbumin. This inhibition appeared to be linear with oc-lactalbumin concentration, and could be due to tight binding of UDP-galactose to the protein.
Cell di8ruption. The procedure of freezing and shattering the tissue to decrease the particle size for homogenization was suspected to disrupt the cells as well. This was confirmed by the experiment reported in Table 3 .
The shattered particles were washed and sedimented as usual at 106g-min.; they were then suspended in 0-25M-sucrose and resedimented at 104g-min. The fraction remaining suspended in 0-25M-sucrose consisted of subcellular particles released by freezing and shattering alone. The sediment was resuspended in 0 25M-sucrose, homogenized by three strokes with the glass homogenizer and centrifuged at 104g-min. This additional homogenization disrupted most of the remaining whole cells, as further homogenization of the 104g-min. sediment released negligible amounts of protein.
Compariaon of sucro8e and 8alt media. The preparation of particles with a high recovery of intact lactose synthetase was attempted. In Table 4 a comparison of two homogenizing media revealed that the use of potassium chloride gave particles retaining a higher percentage of intact enzyme than did sucrose. Washing the particles by repeated sedimentation did not alter the percentage of intact activity. Subcellular di8tribution of kscto8e 8ynthetace. A study of the subcellular distribution of lactose synthetase is recorded in Table 5 . The sedimentation forces were those used by other workers to differentiate the nuclear-whole cell (P1), mitochondrial (P2), lysosomal (P3) and microsomal (P4) fractions. Each particulate fraction was pelleted twice, the supernatants being combined for the subsequent fraction. The final supernatant (S4) was concentrated against Ficoll (Pharmacia, PREPARATION OF LACTOSE SYNTHETASE PARTICLES Uppsala, Sweden), and residual lactose was removed by dialysis for 12hr. against 50mM-trishydrochloric acid buffer, pH7-5. Under these dialysis conditions less than 10% of the a-lactalbumin diffused through the membrane. Over half of the total intact enzyme ('AB') was found in fraction P3, and this fraction provided the highest percentage intact recovery. The specific activity of the enzyme in fraction P3 was 2-4 times that of the homogenate. The remainder of intact lactose synthetase was distributed between fractions P1, P2 and P4, with very little in the soluble phase. The dissociated 'A' protein was found largely in the nuclear-whole cell fraction P1, with a considerable amount in the soluble fraction and smaller amounts in fractions P2, P3 and P4.
Enzyme activity in the tissue washings were regarded as being derived from both soluble cellular and milk proteins. The activity of intact lactose synthetase was greater in the washings than in the entire homogenate. This result was not unexpected Table 4 . Lactose Byntheta8e ('AB') activitie8 in particles prepared from 0-25M-8ucro8e and 0-14M-potaemium chloride. since over half of the wet weight of lactating mammary tissue is due to milk (Folley & Greenbaum, 1947) , which contains a high content of the intact enzyme. The differences between the soluble fraction S4 and the tissue washings are great enough to permit the assumption that most of the enzyme in the washings is extracellular in origin.
If we consider the sum of fractions P3 and P4 as microsomal, the distribution of intact lactose synthetase is very similar to that given by Brodbeck & Ebner (1966b) for the total 'A' protein, but is quite different from our calculated values of dissociated 'A' protein. The specific activity for intact lactose synthetase in fraction P3 is nearly twice that obtained by Brodbeck & Ebner (1966a) for microsomes derived from VirTis-homogenized preparations. Considering that the latter authors used the 30min. incubation, the specific activity of intact enzyme in fraction P3 is more than twice that of VirTis-homogenized microsomes. These differences prompted a comparison of our homogenizing method with the VirTis-homogenizer method used by Brodbeck & Ebner (1966b) . To follow the effects of homogenizing methods on the subcellular distribution, three marker enzymes were also measured.
For this comparison, reported in Table 6 , fresh tissue was frozen in liquid nitrogen, shattered, washed and suspended in 5vol. of 0-25M-sucrose. Samples were homogenized by three strokes with the hand-driven glass homogenizer, by 30sec. in a VirTis 45 overhead homogenizer with the Variac setting at 80, or by 1 min. with the Branson Sonifier at 100w at 00 under nitrogen. Each homogenate was separated into five subcellular fractions as described for Table 5 . The results are expressed for each fraction as percentages of the sum of all Table 5 . Subcellukar di8tribution of lactose 8yntheta8e
The tissue was frozen at -1960, shattered, washed, homogenized by one stroke with the glass homogenizer and fractionated by differential centrifugation at the forces indicated. Each fraction was pelleted twice, the supernatants being combined for the subsequent fraction. The supernatant after pelleting fraction P4 is termed S4. The combined washings were treated with (NH4)2SO4; enzyme precipitated between 30% and 80% saturation was assayed. Specific activity and units/g. are defined in Tables 2 and 3 fractions. This sum did not differ significantly from the total units in the homogenate for any of the enzymes. The total units are indicated at the bottom of each column. Less disruption of whole cells was accomplished by the hand-driven glass homogenizer than by the other methods, as evidenced by the large amount of protein and all enzymes in the nuclear-whole cell fraction P1. Intact lactose synthetase ('AB') and dissociated 'A' protein distributions after use of the glass homogenizer were similar to those in Table 5 . Recovery of intact activity in glass-homogenized fractions was 2-9 and 11-7 times that of the VirTishomogenized and ultrasonically treated fractions respectively. The use of the VirTis homogenizer resulted in considerable dissociation of lactose synithetase, and ultrasonic treatment almost completely dissociated it. Less than one-quarter of the total lactose synthetase activity could be reconstituted by adding the soluble fraction obtained by ultrasonic treatment to the particulate fractions. The distributions of the dissociated 'A' component after VirTis-homogenizer and ultrasonic treatments are similar to those of ,B-glucuronidase.
Over half of the mitochondrial succinate dehydrogenase was found in fraction P1 of the glasshomogenized preparation, the remainder in fractions P2 and P3. The VirTis homogenization completely removed succinate dehydrogenase from fraction P1, leaving most of it in fraction P2, with significant amounts found in fractions P3 and P4. Ultrasonic treatment broke all mitochondria, so that most of the succinate dehydrogenase appeared in fraction P4. Lysosomal ,-glucuronidase also appeared in fraction P1 of the glass-homogenized preparation, and was evenly distributed between fractions P2 and P3. Considerable solubilization of this enzyme occurred by glass homogenizing, but much more solubilization as well as redistribution into smaller particles was accomplished by the VirTis homogenization and ultrasonic treatment. The last two methods did not seem to damage either succinate dehydrogenase or ,B-glucuronidase, since the total units were similar for all three preparations. This was not true for phosphodiesterase I, which lost 10% and 25% of its activity as a result of the VirTis-homogenization and ultrasonic treatments respectively. Ultrasonic treatment solubilized significant amounts of this enzyme. UDP-galactose hydrolase distributions were similar to those for phosphodiesterase I, except that high amounts of UDP-galactose hydrolase were found in the nuclear-whole cell fraction P1 for all homogenates. UDP-galactose hydrolase activity might be considered to have both nuclear and microsomal origins, since the Pl fractions from VirTis-homogenized and ultrasonically treated preparations had virtually no intact cells. 174 1968 Vol. 109 PREPARATION OF LACTOSE SYNTHETASE PARTICLES 175 DISCUSSION The present results indicate that particulate lactose synthetase activity in mammary gland is more highly organized than previously stated. By choosing gentle methods of homogenization, particles with over 50% yield of intact enzyme can be prepared. Such particles have a specific activity about twice that previously reported. Whether the differences in specific activity observed among various particle preparations are related to the functional state of the tissue cannot be decided as yet. Large changes in the activities of many enzymes occur throughout the lactation cycle (Slater, Greenbaum & Wang, 1963) , and have been noted for UTP-x-D-glucose 1-phosphate uridylyltransferase and UDP-glucose 4-epimerase (Heitzman, 1967) .
The discrepancy between the present results and those of Brodbeck & Ebner (1966b) can be ascribed to differences in terminology. They sedimented mammary-gland mitochondria at 5 x 104g-min. and considered as microsomes all particles sedimented by greater forces. Judged by the distribution of succinate dehydrogenase, 5 x 104g-min. did not sediment all mammary-gland mitochondria. Other workers have used even higher forces to sediment mammary-gland mitochondria: 2-4 x 105g-min. (Pynadeth & Kumar, 1964 ) and 3-2 x 105g-min. (Smith & Dils, 1964) . Smith, Easter & Dils (1966) found 80% of the rabbit mammary-gland succinate dehydrogenase to be sedimented at 5 x 104g-min. and Slater & Planterose (1960) sedimented only 60% of rat mammary-gland succinate dehydrogenase by 5-2 x 104g-min. The last-named authors compared this value with that of 80% for rat liver mitochondria. They also found that mammarygland mitochondria underwent size changes during the lactation cycle, whereas liver mitochondria did not. Thus it can be misleading to consider as 'microsomes' all particles not sedimented by 5 x 104g-min.
The force of 3-2 x 105g-min. is considered sufficient to sediment liver lysosomes from 0-25M-sucrose (Tappel, Sawant & Shibko, 1963) . Most of the lactose synthetase particles were sedimented by this force. Considering fl-glucuronidase as a marker of lysosomes (Greenbaum, Slater & Wang, 1960) and phosphodiesterase I as a marker of endoplasmic reticulum (Smith et al. 1966) , the sedimentation characteristics of the lactose synthetase particles seem to place them in the former category. However, the particles do not belong to ,Bglucuronidase-characterized lysosomes, as demonstrated in the next paper (Coffey & Reithel, 1968b) .
The apparent subcellular distribution of enzymes was shown to vary with the method of homogenization. The VirTis homogenizer caused much greater disruption of the particles than the hand-driven glass homogenizer, as well as a different distribution. Watkins & Hassid (1962) obtained better yields of particulate lactose synthetase by using the Potter-Elvehjem homogenizer than by using the Waring Blendor. In his review Mathias (1966) recommended the use of the Potter-Elvehjem and the Dounce homogenizers, as well as hydraulic presses, and discouraged the use of homogenizers such as the Waring Blendor. The cavitation effects of the VirTis homogenizer are similar to those of the Waring Blendor. Mammary-gland lysosomes were found to be extremely fragile by Greenbaum et al. (1960) .
A wide variety of conditions have been shown to solubilize the 'B' sub-unit, or a-lactalbumin, to a much greater extent than the 'A' sub-unit (Brodbeck & Ebner, 1966b) . This is consistent with our findings that VirTis homogenization and, to a greater degree, ultrasonic treatment disrupt most of the intact enzyme. These methods do not provide intact soluble enzyme, though in our hands nearly halfofthe 'A' sub-unitwasrendered soluble. Apparently the natural complement of o-lactalbumin, once dissociated from the 'A' sub-unit, does not easily recombine with the 'A' sub-unit.
